A study was conducted to assess the performance of an integrated system consisting of an anaerobic digester (AD), an aerobic sequence batch reactor (ASBR), and three horizontal subsurface flow constructed wetlands (HSSFCWs) vegetated with the perennial grass Phragmites karka for removal of nitrogen in tannery wastewater. Nine grab wastewater samples were collected weekly between September and December 2016 from the influent and effluent at each unit of operation of the plant and analyzed for physicochemical parameters. The AD removed 67% of oxidized nitrogen (NO X -N); the removal was improved to 76% in the ASBR with a further aeration period in the HSSFCWs, and the NO X -N removal efficiency improved progressively to 96%. The removal efficiency for nitrate (NO 3 -N) was 82% and for nitrite (NO 2 -N) 88%; for ammonium (NH 4 -N) removal efficiency was 77% higher in the HSSFCWs compared to the AD and the ASBR. Despite the considerable percentage of NO 3 -N removed, in the effluent was above the country's permissible limit (39.3 mg/l). The high concentration might be due to a weaker denitrification process in HSSFCWs caused by lack of carbon and external organic sources in the wastewater sufficient to carry out the process. The results suggest that the addition of supplementing carbon sources (methanol, sugars, or volatile fatty acids) to the effluent would achieve better performance. Based on these findings, the application of combined anaerobic/aerobic system connected with constructed wetlands process allows the achievement of higher efficiency in removing nitrogen compared to the use of an anaerobic, aerobic, or constructed wetland system along.
Introduction
In the face of the emerging concern for environmental preservation and governmental regulations that are becoming more stringent, the development of innovative, sustainable, environmentally friendly, and low-cost processes for efficient treatment of tannery wastewater has gained the interest of researchers in clean technologies. Tannery effluent contains large amounts of ammonia nitrogen (NH 3 -N) and total nitrogen (TN) due to the addition of ammonium salts during deliming and batting and the removal of non-collagenous proteins from raw hide in beam house processes (UNIDO 2000 (UNIDO , 2011 .
The discharge of high nitrogen concentrations into receiving waters without proper treatment can lead to an imbalance in the natural ecological system that boosts eutrophication; depletion of dissolved oxygen in surface waters, killing fish and creating septic conditions; and odor problems. It also causes toxicity and increased risks to human health, as high NO 3 − -N concentrations in groundwater cause methemoglobinemia in infants (Gerardi 2002; Seyoum et al. 2003; Paredes et al. 2007; de Sousa et al. 2008; Durai and Rajasimman 2011) .
The operation of tanneries in Ethiopia is causing severe environmental degradation due to the disposal of untreated effluent into water bodies and on land. The discharge of highly toxic wastewater from tanneries in and near Modjo Town into the Modjo River poses risks for irrigation, recreation, and human and livestock consumption (Seyoum et al. 2003) .
Biological tannery wastewater is primarily treated with single-treatment methods (de Sousa et al. 2008; Durai et al. 2010; Calheiros et al. 2012; Alemu and Leta 2015) . Each treatment system has its merits and demerits. For instance, anaerobic systems use less energy and produce less sludge but require a longer detention period and emit unpleasant odors (Goswami and Mazumder 2014) . In aerobic systems, decomposition is more rapid than in anaerobic systems and unpleasant odors are avoided, but the systems produce more sludge (Vanatta and Slingsby 2003; Durai and Rajasimman 2011) . On the other hand, constructed wetlands are low cost, environmental friendly, and easily operated biological systems; however, they can be used only as a tertiary treatment system for tannery wastewater due to high chemical toxicity of the wastewater (Lee et al. 2009; Redmond 2012) . Several studies indicate that using anaerobic-aerobic sequencing batch reactors in a combined system to treat tannery wastewater can give better results than the individual treatment processes (Lefebvre et al. 2006; Faouzi et al. 2013; Ganesh et al. 2014; Wu et al. 2014) .
Recent studies (Desta et al. 2014; Alemu et al. 2016 ) extended the idea of an integrated treatment system with the inclusion of constructed wetlands. These studies noted that the overall removal performance, biogas generation rate, and microbial communities residing in the system make it efficient for the treatment of tannery wastewater. However, the system performance in removing nitrogen species was inadequately recognized and documented. Therefore, this study aimed to determine the nitrogen removal efficiency of a system integrating an anaerobic digester, an aerobic sequencing batch reactor, and constructed wetlands as well as the efficiencies of the individual unit operations in order to establish operating strategies capable of achieving high levels of nitrogen removal in tannery wastewater.
Materials and methods

The study site
The study was conducted at a pilot-scale biological wastewater treatment plant (WWTP) built on the premises of the Modjo Tannery Share Company by the Center of Environmental Science of Addis Ababa University in collaboration with AKUT Burkard and Partner (Germany). The Modjo Tannery Share Company is located near Modjo Town, 75 km southeast of Addis Ababa at an altitude of 1825 m (Fig. 1) . The tannery has a capacity of processing 1,656,000 sheep and 844,000 goat skins and 93,075 cattle hides per annum and generates 3500-5500 m 3 of wastewater per day. 
Integrated wastewater treatment plant
The integrated WWTP starts with tannery effluent (25 m 3 ) fed into a primary screening tank followed by grit removal, to eliminate coarse organic matter and suspended solids from the raw wastewater. Then, the effluent is transferred into two anaerobic reactors of the same size, with hydraulic retention time (HRT) of 24 h and is subsequently channeled to the SBR fitted with an aeration pump and is mixed for 12 h. The effluent from the aerobic reactor is then fed into a sedimentation tank for sludge settling and is then continuously fed into three horizontal subsurface flow constructed wetlands vegetated with the perennial grass Phragmites karka at a loading rate of 120 kg/BOD 5 /ha/day. A schematic illustration of the wastewater treatment plant and sampling points and a brief description of each unit's operations design are presented in Fig. 2 , Tables 1 and 2. 
Data analysis
The pollutant removal rates were calculated as percentages according to the following equation (APHA, AWWA, and WEF 1998): where R is the removal rate (%) and C i and C f are the initial and final concentrations of pollutants. Statistical analysis was performed using SPSS software version 24.0. One-way
ANOVA (analysis of variance) was used to compare the performance of each unit's operation (AD, SBR, CW) for the removal of major nutrient and organic matter in order to determine significant differences (p < 0.05) in removal efficiency. A linear regression line was plotted to determine correlation between parameters.
Results and discussion
Characterization of wastewater
The characteristics of the wastewater at different treatment stages of the pilot plant are presented in detail in Table 3 . These findings show that the treated effluent of the constructed wetlands is within the permissible limits of Ethiopian environmental regulations for tannery effluent except for nitrate (39.3 mg/l) (EEPA 2003) . The high concentration of nitrate in the effluent could be due to the low denitrification rate in the HSSFCW. In denitrification, nitrate or nitrite is used as an electron acceptor and organic carbon as an electron donor (Kadlec and Wallace 2009) . In constructed wetlands, organic carbon is needed as an electron donor for nitrate reduction, which provides an energy source for denitrification (Redmond 2012) . Most wastewater does not have enough biodegradable carbon and external organic sources to support denitrification. Studies have shown that the denitrification rate in organic carbon-restricted wastewater can be improved with supplemental carbon. A supplemental, exogenous source of carbon (e.g., methanol, sugars, or volatile fatty acids) can be added to the effluent to achieve better treatment (Lee et al. 2009; Redmond 2012) .
Constructed wetland plants enhance treatment efficiency by providing a favorable environment for the development of microbial populations through oxygenating the system. Artificial aeration of the HSSFCW can achieve higher nitrate removal by providing sufficient DO for nitrification, and a favorable anoxic environment can be created for denitrification (Fan et al. 2013) .
The average BOD 5 /COD ratio for the influent was 0.15. The typical BOD 5 /COD ratio of tannery wastewater is 0.4, although it can range from 0.3 to 0.5 in untreated effluent (UNIDO 2000). According to Tehobanoglous et al. (2003) , BOD 5 /COD ratios below 0.5 indicate a possibility that chemical substances that have low biodegradability will slacken or delay the biological process and easily biodegradable organic matter (BOD 5 ) will be consumed. Because of acclimation of microorganisms in the biological WWTP, the effluent showed a higher BOD 5 / COD ratio of 0.7. This shows that about 70% portion of organic matter in the wastewater is biodegradable in nature (Tehobanoglous et al. 2003) . Tannery wastewater has a high content of organic matter that varies according to the usage of various chemicals with different biodegradation characteristics. The liming and unhairing process generates organic matter with high biodegradability, while the organic matter generated from the tanning process (such as chrome 3 + ) has low biodegradability (UNIDO 2000). The correlation between BOD 5 and COD and the implication for nitrogen removal are shown in Fig. 3 . The slope of the regression line has a value of 0.057, which indicates a moderate positive correlation between BOD 5 and COD in the influent; a weak negative correlation between BOD 5 and COD in the effluent was observed, with a slope of − 0.046. This relationship is influenced by the chemicals used in the different leather making processes and their rates of biodegradability (UNIDO 2000) . Tannery wastewater contains broader and more easily biodegradable organic matter (which can be from an internal carbon source) that can maintain more denitrifying consortia to be active in the system (Seyoum et al. 2004b) .
The overall removal efficiencies exhibited by the integrated system in different treatment stages of the pilot plant are presented in Fig. 4 . The optimum pH average in the effluent of AD was 6.9, whereas for ASBR it was 6.8 and for CW 6.3 (Table 3 ). The unit operations had an effective pH range of 6-9 for the occurrence of denitrification and nitrification (UNIDO 2011). Studies indicate that such reactors favor the development of the nitrifying bacteria growing rapidly in the pH range of 6.5-8.6 (Gerardi 2002; Seyoum et al. 2003; Tehobanoglous et al. 2003) and denitrifying bacteria in the pH range 7-8.5 (Barnes and Bliss 1983; Kadlec and Wallace 2009 ). In the overall WWTP and in each unit operation, the temperature of the wastewater ranged from 21 to 29 °C. Temperature affects the metabolic and growth rates of the organisms responsible for the biological processes. The optimal temperature range for nitrifying bacteria is 5-30 °C and for denitrifying bacteria 5-45 °C (Gerardi 2002; Ganesh et al. 2014) , indicating that the integrated biological system in the current study is suitable for nitrification and denitrification for bacteria growth.
The average removal efficiencies of AD, ASBR, and CW were 65%, 61%, and 94%, respectively, for TSS; 55%, 63%, and 85% for turbidity; and 57%, 78%, 66% for TDS (Fig. 4) . The removal efficiency of TSS and turbidity in the CW was significantly higher than in the other two reactors (p < 0.05). The removal efficiency of TDS was significantly higher (78%) in aerobic SBR than in the two other unit operations (p < 0.05). These higher efficiencies could be due to the prior process of anaerobic digestion that forms methane (methanization) and the denitrification process (Kongjao et al. 2008) .
BOD 5 and COD of the effluents of AD were 628.9 mg/l and 2311.1 mg/l, with an average removal efficiency of 28% for BOD 5 and 62% for COD (Fig. 5) . Relatively low effectiveness could be the result of the high concentration of slowly degradable or non-biodegradable organics in the influent. This can be confirmed by low BOD 5 /COD (0.15) in raw wastewater. For the effluent in ASBR, BOD 5 concentrations of 230.7 mg/l and COD 507.8 mg/l with average removal efficiency of 74% for BOD 5 and 62% for COD were recorded. The CW's effluent BOD 5 concentration of 72.1 mg/l had 91% removal efficiency, and its COD concentration of 191.8 mg/l achieved 83% average removal efficiency (Fig. 5) . The constructed wetlands showed significantly higher removal efficiency for BOD 5 and COD from the other two unit operations (p < 0.05).
The removal efficiency of an advanced integrated wastewater pond system for tannery wastewater treatment was in a high range of 90-97% for COD and 92-99% for BOD 5 (Tadesse et al. 2004 ). Seyoum et al. (2004a) also used a predenitrification/nitrification system at a pilot plant level to treat composite tannery wastewater and obtained 95-98% removal efficiency of COD and 96-98% for BOD 5 . Lefebvre et al. (2006) showed that the aerobic SBR reactor alone removed 95% of the COD and up-flow anaerobic sludge blanket (UASB) removed only 77% of COD. The combination of anaerobic and aerobic processes, on the other hand, achieved 96% COD removal. Reemtsma and Jekel (1997) observed that combined anaerobic/aerobic removal efficiency (94% abatement in COD) was significantly greater than with the anaerobic filter alone (60%).
The present study revealed that the average concentration of sulfide (S 2− ) in the effluent of AD was 120 mg/l, while the effluent of ASBR (80.8 mg/l) and the constructed wetlands was 4.5 mg/l (Table 3 ). The sulfide removal in AD was 35%, in ASBR 41% and 51% in CW (Fig. 4) . The constructed wetlands showed higher S 2− removal efficiency with no significant difference (p > 0.05) from the other unit operations. Lower removal efficiency rate (less than 50%) of S 2− exhibited in the unit operations might be due to the pH of the wastewater; under alkaline conditions, S 2− remains largely in solution, as shown in Table 3 . Average pH values of the effluents of AD, ASBR, and CW were 6.9, 6.8, and 6.3, respectively. When the pH of the effluent drops below 9.5, hydrogen sulfide evolves from the effluent: the lower the pH, the higher the rate of evolution (Gerardi 2002; Tehobanoglous et al. 2003) .
Sulfate (SO 4 2− ) was broken down into hydrogen sulfide by anaerobic bacteria in the AD, showing 50% removal efficiency, whereas the ASBR showed a lower removal efficiency of 46% and CW exhibited the lowest removal efficiency (25%) (Fig. 4) . The concentration of sulfate in the final effluent may rise in the ASBR by aeration since the oxidation process creates sodium sulfate during removal of sulfide components. The activities of nitrate-reduced sulfate oxidizing (NR-SO) bacteria suppress sulfate reduction and contribute to the removal of sulfide originally present in the influent wastewater (Seyoum et al. 2004a ). The effluent's PO 4 3− was 9 mg/l in AD, 23.8 mg/l in ASBR, and 10.7 mg/l in CWs, with average removal efficiencies of 11%, 42%, and 62%, respectively. Although the constructed wetlands showed higher removal efficiency, the difference is not statistically significant at p < 0.05.
Efficiency of nitrogen removal
The biological processes of nitrogen removal in wastewater are nitrification and denitrification. Denitrification is the reduction in nitrate to nitrogen gas by heterotrophic bacteria using nitrate as an electron acceptor and organic matter as carbon sources under anoxic conditions. Nitrification is the biological oxidation of ammonia to nitrite/nitrate by two specialized groups of autotrophic bacteria under aerobic conditions (Seyoum et al. 2004a ). Use of nitrification and denitrification in treating wastewater with high levels of ammonium requires high energy input in order to supply oxygen during nitrification and high alkalinity levels, decreasing the pH and affecting system stability. In addition, due to the presence of organic carbon and high ammonium levels, the nitrogen removal through denitrification is insufficient. Pre-denitrification prior to nitrification, using organic carbon in raw wastewater efficiently for nitrogen removal, can decrease the production of sludge and lower operating cost. Pre-denitrification is the most efficient strategy for simultaneous removal of nitrogen and organic matter from tannery wastewater (Seyoum et al. 2004a; Ganesh et al. 2014; Wu et al. 2014; Pire-Sierra et al. 2016) . The anaerobic digester and aerobic reactor components of the integrated system remove nitrogen through the pre-denitrification process. This process can be used for the treatment of tannery wastewater laden with toxic substances containing high concentrations of degradable organic carbon, nitrogen, and ammonia. This process allows the optimal use of the incoming wastewater as carbon sources for denitrification, protects sensitive nitrifying organisms from toxic shocks, and helps to achieve a high degree of nitrification (Seyoum et al. 2003) . Similarly, HSSFCWs remove nitrogen from wastewater through plant uptake, storage (assimilation or sediment adsorption and accretion) in the system, and removal through nitrification-denitrification and ammonia volatilization (Kadlec and Wallace 2009) .
The maximum removal efficiencies of AD, ASBR, and CW were 69%, 90%, and 83% for total nitrogen (TN) and 100%, 96%, and 94% for ammonium nitrogen (NH 4 -N), respectively (Fig. 6) . These results suggest that the operation units in the integrated treatment plant are more efficient than the stand-alone systems in removing ammonium nitrogen from wastewater. Plants and microorganisms consume nitrogen in the form of ammonium ions from organic matter (Paredes et al. 2007) .
Suspended denitrifying bacteria reduced nitrite and nitrate to nitrogen gas using tannery wastewater as carbon sources. Denitrification and nitrification, therefore, occurred simultaneously in the system in anaerobic-aerobic and constructed wetland columns, respectively. Nitrification activity in the CW was high; the Phragmites karka wetlands showed adequate nitrification. The results agree with those of Seyoum et al. (2004a) , who reported removal efficiency of 82-95% for total nitrogen and 45-95% for ammonium nitrogen.
The concentrations of the nitrogen species present in the effluents and the total nitrogen (TN) removal efficiency in all the phases are presented in Fig. 7 . In the AD system, about 62% of TN was removed, leaving average concentrations of 301.7 mg/l (NO 3 -N), 811.1 mg/l (NO 2 -N), and 60 mg/l (NH 4 -N) in the effluent. In the aeration reactor, the TN removal efficiency improved to 73% with 169 mg/l (NO 3 -N), 325 mg/l (NO 2 -N), and 56.2 mg/l (NH 4 -N) in the effluent. Apparently, in the constructed wetlands the TN removal efficiency did not improve; only 72% was exhibited, with Table 3 ). The removal of NO 3 -N, NO 2 -N, and NH 4 -N increased progressively in unit operations of anaerobic digestion and the aerobic reactor to achieve immense removal in the constructed wetland system.
The subsurface constructed wetlands showed significantly better removal efficiency (p < 0.05) for NO 3 -N than for the two other unit operations. The removal efficiency was higher for NO 2 -N and NH 4 -N, but the difference was not statistically significant at p < 0.05. The ASBR showed significantly higher removal efficiency (at p < 0.05) for total nitrogen than the other operations. These results indicate that continuous biological treatment systems are the most efficient mode of operation for the removal of nitrogen species.
Similar results obtained by Desta et al. (2014) found that the integrated biological treatment system removed 87% of NO 3 -N, 99% of NO 2 -N, and 85% of NH 3 -N. The removal efficiency for total nitrogen was 74%, and its concentration in the effluent (62.7 mg/l) was above the discharge limit. Alemu et al. (2016) reported an average removal efficiency of 90% for TN, 97% for NH 3 -N, and 96% for NO 3 -N.
The concentrations of nitrate and nitrite in the effluent of AD were 301.7 mg/l and 811.1 mg/l (Table 3) , respectively, with removal efficiencies of 49% for NO 3 − -N and 52% for NO 2 − -N. Since nitrate reduction is always accompanied by nitrite production, nitrate removal efficiency is given in terms of oxidized nitrogen (NO X -N) (NO 3 -N + NO 3 -N). The maximum oxidized nitrogen (NO X -N) removed from AD was 67%, leaving a concentration of 830 mg/L NO X -N in the effluent (Fig. 8) . The conversion of the non-aeration period to the aeration period in aerobic SBR apparently improved the NO X -N removal efficiency to 76% with a lower 320 mg/l oxidized nitrogen concentration in the effluent. Further conversion to the aeration period in the CW saw the NO X -N removal efficiency improve progressively to 96% with 200 mg/l concentration of NO X -N in the effluent.
The COD/NO 3 -N ratio of wastewater determines the biological processes most suitable for removing nitrogen. The COD/NO 3 -N ratio in the influent was 10.6 and in the effluent 4.9 (Fig. 8) . According to Campos et al. (2010) , nitrogen will be removed by assimilation and nitrification and denitrification when the COD/NO 3 -N ratio ranges from 5 to 20. When the COD/NO 3 -N ratio is less than 5, nitrogen removal, as observed in our study, will be by partial nitrification-denitrification or partial nitrification anammox (anaerobic ammonium oxidation). In this process, ammonia in the presence of nitrite as the electron acceptor oxidizes to nitrogen gas under anoxic conditions. Therefore, the available organic material in the influent was enough for efficient nitrogen removal in each biological unit operation. 
Conclusion
This study found considerable amounts of solids and high levels of BOD 5 , COD, and nitrogenous compounds in tannery wastewater, and the effluent showed a high BOD 5 / COD ratio explained by the presence of organic matter in the wastewater. Optimum pH and temperatures values exhibited in the unit operations suggest that the integrated biological system in the current study is suitable for rapid growth of bacteria responsible for nitrification and denitrification.
Higher removal efficiency for TSS, turbidity, BOD 5 , COD, NO 3 -N, NO 2 -N, NH 4 -N, S 2− , and PO 4 3− were observed in CW than in AD and ASBR, whereas aerobic SBR showed higher removal efficiency for TDS and TN and anaerobic digesters achieved the highest removal of sulfate (SO 4 2 ). The removal of NO 3 -N, NO 2 -N, and NH 4 -N increased progressively in the unit operations of anaerobic digestion and aerobic reactor to achieve a high level of removal in the constructed wetland system. Hence, the application of a combined anaerobic/aerobic system connected with the CWs process achieved higher nitrogen removal efficiency than the use of a singular anaerobic and aerobic process.
The final treated effluent meets provisional discharge limits of the tannery effluent set by the Ethiopian Environmental Protection Authority except for the nitrate level, which might be due to insufficient carbon and external organic sources in the wastewater. These finding suggest that supplementing the carbon source for the effluent may achieve high nitrogen removal in the HSSFCW. This suggests that the combined anaerobic-aerobic and constructed wetland system may be used for the treatment of highstrength agro-industrial wastewater. Proper wastewater treatment and the application of waste-to-energy principles should be promoted in planning and operating tanneries for sustainable economic, environmental, and social benefits.
